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Everything.
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Abstract It is considered, how to place some amount of matter into the
cosmological singularity and to encode its state. Two different approaches are
suggested, which give the same result. The expression for the spectral energy
density of the scalar particles, which is initially encoded at the singularity, is
deduced. An informational aspect of the problem is discussed.
Keywords Cosmological singularity · Initial conditions · Quantum evolution
of Universe · Informational content of singularity
1 Introduction
One of the problems of the relativistic cosmology is the formulation of the
initial conditions for the universe evolution. The well-known Penrose theo-
rem [1–3] states that under quite general conditions, the initial point of the
evolution should be singular. One may expect that quantization of gravity
would avoid the singularity. It actually takes place in some quantum gravity
theories, for instance, in the loop quantum gravity [4], but some another the-
ories, like the quasi-Heisenberg quantization scheme [5–7] describing quantum
evolution, suggest that the singularity remains. It turns out to be that it is
not a negative feature of this model but its advantage because it allows setting
the initial conditions for the universe evolution at the singularity per se [8].
An issue of the origin of matter and information in the universe is one of
the important problems of modern cosmology. The mainstream view includes
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inflation [9–11] as the ingredient of the cosmological theory. As a result, the
matter appears from the inflaton field decay, which occurs when it began to
oscillate at the end of inflation [12, 13]. However, the inflaton field cannot be
associated with the known fields of the Standard Model of particle physics.
Moreover, in the context of the information, inflation erases all the previous
information and generate a spectrum of the initial inhomogeneities from vac-
uum fluctuations of the quantum fields. At the same time, despite the “letter of
33th” [14] on the defense of the inflation (after publication this letter has been
sighed several hundred of astrophysicists additionally), the theories without
inflation are also discussed. For these theories, one needs another explanation
for matter origin in the universe. As was shown earlier [8], some finite quanti-
ties exist at the singularity, namely, the momentums of the dynamical variables
despite the infiniteness of the dynamical variables itself. For instance, ampli-
tudes of the scalar fields are infinite at the singularity, but their momentums
are finite. In the quantum picture, finiteness of momentums allows building a
wave packet at the singularity and setting an initial condition for the universe
evolution. It was demonstrated at the example of the Gowdy model consid-
ered in the quasi-Heisenberg picture [8]. Here, in the first section, we consider
a toy minisuperspace model where scale factor evolution is uncoupled from
the universe stuffing. From the other hand, in the second section, we use the
familiar approach of the quantum fields on the classical background. It will
be shown, that both approaches give the same results. Finally, we discuss the
information context of the Universe initial state.
2 Quasi-Heisenberg picture for matter appearance
It was found earlier, that the initial conditions for the Gowdy cosmological
model could be set at the singularity per se [8]. However, it is most interesting
to study three-dimensional quantum cosmology models that are a difficult
challenge. Let us consider here a heuristic three-dimensional model in line with
the Gowdy one [8]. The interval for an isotropic, uniform and a flat universe
is
ds2 ≡ gµνdxµdxν = a2(η)
(
dη2 − γ˜ijdxidxj
)
, (1)
where γ˜ij = diag{1, 1, 1} is the Euclidian 3-metric. Scalar field φ(η, r) on this
background can be expanded into the Fourier series φ(η, r) =
∑
k φk(η)e
ikr .
Neglecting the quantum field backreaction to the universe expansion, the fol-
lowing heuristic Hamiltonian could be proposed
H = −pa f(a) +
∑
k
pikpi−k
2a2
+
1
2
a2k2ϕkϕ−k, (2)
where f(a) is some arbitrary function of the scale factor, pik is the momentums
corresponding to φk. Let us consider Eq. (2) not only as a Hamiltonian, but
simultaneously as a constraint H = 0.
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As one can see, the Hamiltonian (2) contains momentum pa correspond-
ing to the universe scale factor a, as it occurs in the typical minisuperspace
models, however in the first degree like the Gowdy model [8]. Note, that the
Hamiltonian is purely heuristic to obtain an analytical solution. The Hamilton
equations result in the equation of motion for the scale factor
a′ = − ∂H
∂pa
= f(a). (3)
The scale factor is always purely classical and given by the solution of Eq.
(3) ∫ a(η)
a0
dς
f(ς)
= η, (4)
so that a(0) = a0. For instance, f(a) = const = H gives
a(η) = Hη + a0, (5)
where a0 is the initial value of the scale factor at η = 0. Namely this particular
case corresponding to the radiation domination universe will be considered
below for illustration.
Let us remind the quantization scheme in the quasi-Heisenberg picture
exposed in [8]. It consists in the quantization of the classical equations of
motion, i.e., one should write “hats” under every quantity in the equations of
motion. Then one should define the commutation relations for the operators,
chose the operator ordering in the equations, and finally define the Hilbert
space, where the operators acts. The equations of motion for the scalar field
is written as
φ′k =
∂H
∂pik
=
pi−k
a2
, pi′k = −
∂H
∂φk
= −a2k2φ−k. (6)
The resulting equation of motion originates form (6):
ϕ′′k +
2a′
a
ϕ′k + k
2ϕk = 0. (7)
To quantize the equations of motion, the commutation relations of the
operators in the initial moment of time are to be defined. In the simplest case
considered, an explicit solution of the operator equations of motion could be
written.
The solution of Eq. (7) is convenient to write through the functions uk
satisfying Eq. (7) and
a2(η)(uk(η)u
′
k
∗
(η) − u∗k(η)u′k(η)) = i. (8)
It takes the form
ϕˆk(η) = i
(
uk(η)
(
Pˆ+k u
∗
k(0)− a20Φˆku∗′k (0)
)
− u∗k(η)
(
Pˆ+k uk(0)− a20Φˆku′k(0)
))
,
(9)
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where the operators Pˆk and Φˆk do not depend on time and satisfy the com-
mutation relations [Pˆk, Φˆq] = −iδk,q. They are the initial values of the oper-
ators pˆik(η) and ϕˆk(η) at η = 0. In the momentum representation Pˆk = Pk,
Φˆk = i
∂
∂Pk
. It is not difficult to see that pˆik(η) and ϕˆk(η) have the commutation
relation [pˆik, φˆq] = −iδk,q due to Eq. (8).
Momentum pa is expressed from the constraint H = 0 as
pˆa =
1
f(a)
(∑
k
pˆikpˆi
+
k
2a2
+
1
2
a2k2ϕˆkϕˆ
+
k
)
, (10)
where it is taken into account that ϕˆ−k = ϕˆ
+
k .
According to the quasi-Heisenberg scheme, the next step is building of
the Hilbert space where the quasi-Heisenberg operators act. This can be done
with the help of the Wheeler-DeWitt equation in the vicinity of the small scale
factors a ∼ a0 ∼ 0, which in the momentum representation looks as
if(a)∂aψ(a, {Pk}, {P ∗k}) =
(
1
a2
∑
q,qz>0
PqP
∗
q
)
ψ(a, {Pk}, {P ∗k}), (11)
where only half-space of the wave vectors q is used and condition qz > 0 to
avoid a double counting originating from P−k = P
∗
k . The solution of Eq. (11)
is
ψ(a, {Pk}, {P ∗k}) = exp
(
−i
∑
q,qz>0
PqP
∗
q
(∫
da
a2f(a)
+Θq
))
C({Pk}), (12)
where Θk is an arbitrary real constant arising as result of integration and
C({Pk}) is the momentum wave packet defining the quantum state of the
model and containing all the information about it.
Calculation of the mean values [8] includes integration over DPk, DP ∗k on
the hypersurface a = a0 and proceeding the limit a0 → 0:
< ψ|Aˆ(η, a, {Pk},
{
−i ∂
∂Pk
}
)|ψ >=∫
ψ∗(a, {Pk}, {P ∗k})Aˆ ψ(a, {Pk}, {P ∗k})DPkDP ∗k
∣∣∣∣
a=a0→0
, (13)
where momentum representation Pˆk = Pk, Xˆk = i
∂
∂Pk
is implied and DPq ≡
dPk1dPk2 ....
In particular, calculation of the mean value ϕˆk(η) leads to
< ψ|ϕˆk(η)|ψ >= i
(
a20 (I(a0) +Θk) (u
′
k(0)u
∗
k(η)− uk(η)u∗′k (0))
+u∗k(0)uk(η)− uk(0)u∗k(η)
)∫
(C({Pq}))∗P ∗kC({Pq})DPqDP ∗q
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−a20 (u′k(0)u∗k(η)− uk(η)u∗′k (0))
∫
(C({Pq}))∗ ∂
∂Pk
C({Pq})DPqDP ∗q
∣∣∣∣
a=a0→0
,
(14)
where the indefinite integral is defined as I(a) =
∫
1
a2f(a)da.
It should be noted that, generally, the quasi-Heisenberg quantization scheme
holds also in a more general case, when the background geometry is quan-
tum [5–7].
Before the concrete calculations, let us consider the problem from another
point of view.
3 Another viewpoint: quantum fields on the classical background
The main idea of the previous section was that the field momentums remain
finite at the singularity and this allows setting the momentum wave packet
defining the evolution of the system. However, for the non-quantum back-
ground, this idea could also be realized in the frame of the conventional ap-
proach of the quantum fields on the classical background. In contrast with
the heuristic model of the previous section, the consideration below is well-
established. The time-dependent background, which is singular at η = 0, is
considered, i.e., a0 equals zero initially in comparison with the previous sec-
tion, where a0 → 0 under calculation of the mean values (13). Scalar quantum
field can be expanded in terms of the creation and annihilation operators
φˆk = aˆ
+
−ku
∗
k(η) + aˆkuk(η), (15)
where functions uk satisfy (7) and (8). Let us show that momentum
pˆik = a
2ϕˆ′−k = a
2(η)(aˆ−ku
′
k(η) + aˆ
+
k u
∗′
k (η)) (16)
is finite quantity at η = 0. In the vicinity of singularity, the function uk(η)
satisfies asymptotically Eq. (7) without the last term. This equation can be
converted into the form
d
dη
(
a(η)2u′k(η)
)
= 0. (17)
From Eqs. (16) and (17) one may conclude that the momentums pˆik are asymp-
totically some constant operators in the vicinity of singularity. The assump-
tion, that the kinetic term is dominant in the vicinity of singularity, is valid,
e.g., for dependencies a(η) ∼ ηn. In particular, these dependencies include
a(η) ∼ η (radiation background) and a(η) ∼ η2 (matter background). Cre-
ation aˆ+k and annihilation aˆk operators are very convenient instruments for
the description of the quantum fields at the late times, when the field oscilla-
tors oscillate and the term k2ϕˆk exceeds
a′
a
ϕˆ′k one. However, at early times,
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it is more convenient to describe fields in terms of the eigen functions of the
operators pˆik(0) = Pˆk. Let us define a time-independent operator
Pˆk = αkaˆ−k + α
∗
kaˆ
+
k , (18)
where the complex-valued constants are αk = a
2(η)u′k(η)
∣∣
η→0
, and introduce
an additional constant operator
Xˆk = bk
(
aˆk +
ˆa+
−k
)
, (19)
where bk is some real constant, which must be defined. The requirements of
the fulfilment of the commutation relations
[Pˆk, Xˆq] = −iδk,q, (20)
with the taking into account of [aˆk, aˆ
+
k ] = 1 allows obtaining the real constants
bk
bk = − i
αk − α∗k
. (21)
Then, the creation and annihilation operators can be expressed with the
help of Eqs. (18), (19) through Xˆk and Pˆk as
aˆk =
Pˆ+k
αk − α∗k
− iα∗kXˆk,
aˆ+
−k =
Pˆ+k
α∗k − αk
+ iαkXˆk. (22)
Substitution (22) into (15) allows writing the field operator in the terms of
operators Pˆk, Xˆk:
ϕˆk(η) =
Pˆ+k (uk(η) − u∗k(η)) + iXˆk (αk − α∗k) (αku∗k(η)− α∗kuk(η))
αk − α∗k
. (23)
Now one may calculate the mean value of the ϕˆk(η) over a wave packet
< C|ϕˆk(η)|C >= uk(η)− u
∗
k(η)
(αk − α∗k)
∫
(C({Pq}))∗P ∗kC({Pq})DPqDP ∗q −
(αku
∗
k(η) − uk(η)α∗k)
∫
(C({Pq}))∗ ∂
∂Pk
C({Pq})DPqDP ∗q . (24)
As one could see, this formula is analogous to Eq. (14). Considering the func-
tions uk(η) in (24) as a limit a0 → 0 of the functions u(η, a0) in (14), one may
conclude that these formulas coincide exactly if the constants Θk are defined
as
Θk =
i (1 + 2u∗k(0, a0)|αk|)
2|αk|2 − I(a0)
∣∣∣∣
a0→0
, (25)
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where we conventionally define the functions uk(η, a0) in such a way that
αk/|αk| = i.
Let’s come to a concrete example of (5), where I(a0) = − 1Ha0 and the
functions are
uk(η, a0) = − i
√
a20k
2 +H2√
2k(a0 + ηH)(H + ia0k)
e−ikη,
u∗k(η, a0) =
i
√
a20k
2 +H2√
2k(a0 + ηH)(H− ia0k)
eikη, (26)
that is in the limit of a0 → 0
uk(η) = − i√
2k ηHe
−ikη,
u∗k(η) =
i√
2k ηHe
ikη, (27)
and αk = iH2/
√
2k.
Evaluation of (25) gives Θk = 0. Further calculations show that two for-
malisms are fully equivalent not only for the mean value of ϕˆk(η), but for
other operators mean values, too.
4 Energy density spectrum of the created particles
Although at the singularity η ∼ 0, field oscillators do not oscillate, the in-
formation about matter is encoded at the singularity, and later the particle
density becomes well-defined when the notion of “particle” takes shape.
Let us consider wave packet of the Gaussian shape
C({Pk}) = N
∏
q
exp
(−∆qPqP ∗q ) , (28)
where N is a normalizing constant and function ∆q has real and complex parts
∆q = ∆
′
q + i∆
′′
q . The quantities ∆
′
q should be positive to provide divergence
of the integrals.
The mean energy density of the created scalar particles can be defined as
ρ¯ =< C({P})|ρˆ|C({P}) > − < 0|ρˆ|0 >, (29)
where
ρˆ =
1
V
∫
V
(
φˆ′2
2a2
+
(∇φˆ)2
2a2
)
d3r =
1
2a2
∑
k
ϕˆ′kϕˆ
′
−k + k
2ϕˆkϕˆ−k ≡
∑
k
℘ˆk (30)
and the vacuum energy density
ρ˜ ≡< 0|ρˆ|0 >= 1
a(η)4
(∑
k
k
2
+
1
4kη2
)
≡
∑
k
℘˜k (31)
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is subtracted. As one can see from Eq. (30), the mean energy density consists
of the sum over every wave mode, and the quantity ℘k can be considered as the
spectral energy density of the created particles. By turning from summation
to integration, one comes to
ρ¯ ≡
∑
k
℘¯k =
1
2pi2
∫
℘¯kk
2dk, (32)
for the value of ρ¯ if ℘¯k dos not depend on the direction of k.
HaL
0 50 100 150 200
-0.2
-0.1
0.0
0.1
0.2
0.3
kH
n
k
HbL
0 50 100 150 200
200
500
1000
2000
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k
Fig. 1 Spectral density of the particles n¯k = ℘¯k/k appeared at the different moments of
the conformal time for some model functions ∆′′
k
and ∆′
k
given by (35). (a) L = 10−2/H,
Ω = 1,(b) L = 10−2/H, Ω = 104, where Ω and L are parameters describing wave packet
(35). Dashed line ηH = 0.05, dashed-dotted line ηH = 0.1 and solid line ηH = 1.
Further calculation with the help of Eqs. (9), (12), (13) gives the same
result as that using (23), namely
a4ρ¯ =
1
8
η−2H−2
∑
k
k−2∆′−1k
((
2η2k2 + 1
)(
∆′′2k H4 +
(
k −∆′kH2
)2)
+
2k sin(2ηk)
(
ηk2 −H2 (ηH2|∆k|2 +∆′′k))+
cos(2ηk)
(
k2
(
4η∆′′kH2 + 1
)−H4|∆k|2)
)
. (33)
At late times η →∞, the oscillations decay and
a4ρ¯ ≡ a4
∑
k
℘¯k ≈
∑
k
H4|∆k|2 − 2H2k∆′k + k2
4∆′kH2
. (34)
This quantity turns to zero at ∆′k = k/H2, ∆′′k = 0, when no particles appear
asymptotically, i.e. it is prototype of a vacuum state. Let us consider some
numerical example and take
∆′k =
√
k2 +H4∆′′2k
H2 , ∆
′′
k =
Ωk
H2 exp (−kL) , (35)
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where Ω and L are some constants. Particle number spectral density for this il-
lustrative example is shown in Fig. 1. Number of the created particles increases
with the increasing of Ω as it is shown in Fig. 1.
The spectral density, as can be seen, is not always positive at the early
time, because the notion of “particle” is not well-defined yet, but this quantity
becomes positive later.
5 Informational content of a singularity
When we say about “Everything” we suggest that only one single “Everything”
exists, and it is a single universe in a single quantum state. However, here we
will consider information rather classically using the formula by Kullback-
Leibler [21] comparing two probability distributions of a random variable in
the information theory. One could calculate mean value of the spectral energy
density ℘¯k (34) of the created particles and, from the other hand, use the
vacuum value (see (29), (31) and (32)) ℘˜k for the normalization. Thus, the
formula for the information density takes the form
I =
∑
k
℘¯k
k
ln
(
1 +
℘¯k
℘˜k
)
=
1
2pi2
∫ ∞
0
℘¯k
k
ln
(
1 +
℘¯k
℘˜k
)
k2dk. (36)
It should be compared with the density of created particles
n¯ =
∑
k
℘¯k
k
. (37)
In particular, the information I/n¯ per one created particle could be calculated.
1 10 100 1000 104
0.01
0.1
1
W
I
n
Fig. 2 Amount of information per one particle, depending on the parameter of the wave
packet (35).
Substitution of the values (35) into (34) results in
a4℘¯k =
k
2
(√
1 +Ω2e−2kL − 1
)
. (38)
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Using (38) and the asymptotic vacuum value of a4℘˜k ≈ k/2 (see Eq. (31))
gives the particle density and the information density in a final form
a4n¯ =
1
4pi2
∫ ∞
0
(√
1 +Ω2e−2kL − 1
)
k2dk, (39)
a4I = 1
8pi2
∫ ∞
0
(√
1 +Ω2e−2kL − 1
)
ln
(
1 +Ω2e−2kL
)
k2dk. (40)
Roughly, the particle density is of the order of n¯ ∼ Ω
a4L3
, whereas the
information density is I ∼ Ω lnΩ
a4L3
. In the example considered, an informational
content per created particle increases only logarithmically with Ω as it is
shown in Fig. 2. Although, the density of the particles could be increased by
decreasing L, this does not increase information content per one particle.
Here we consider only some simple class of the quantum states and very
simple definition of the information. In principle, other definitions of informa-
tion are of interest. Let us suggest to Reader the information formula account-
ing for quantum states explicitly:
I =
∫ (
C({Pq}) ln C({Pq})
C˜({Pq})
)∗∑
k
℘ˆk
k
C({Pq}) ln C({Pq})
C˜({Pq})
DPqDP ∗q , (41)
where C˜({Pq}) is the wave packet (28) with ∆′k = k/H2, ∆′′k = 0 producing
no real particles in a future asymptotically. From the one hand, the formula
(41) uses the Kullback-Leibler idea but compares the quantum states with the
state C˜({Pq}) giving no particles. From the other hand, it contains features
of the expression for the mean density of the appeared particles
n¯ =
∫ (
(C({Pq}))∗
∑
k
℘ˆk
k
C({Pq})−
(
C˜({Pq})
)∗∑
k
℘ˆk
k
C˜({Pq})
)
DPqDP ∗q .
(42)
Calculation along with the definition (41) seems more complicated and we leaf
them to next time.
6 Conclusions
We demonstrated that the momentum wave packet could be well-defined at the
cosmological singularity so that: 1) some amount of matter could be “placed”
at the singularity, and, thereby, 2) some information could be encoded into it. It
is not a creation of the particles from vacuum [16–19], because a vacuum does
not exist before the field oscillators begin to oscillate. Creation of particles
from the vacuum is widely considered at 1960th. However, the amount of
matter occurs to be very low for the power law expansion including the linear
expansion in cosmic time [20]. From the other hand, a vacuum could be defined
only after the moment when the field oscillators begin to oscillate, that is
relatively far from the singularity. In contrast, in the approach considered it
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seems evident that one could place any amount of matter and information into
the singularity.
It is interesting to investigate the informational aspect in the loop quantum
gravity [4], where the quantum bounce excludes the singularities, and there is
no special storage for the information.
We have considered an illustrative example with the simple formulas. How-
ever, it could be a prototype of how really information about Everything could
be stored at the singularity.
References
1. Penrose, R.: Gravitational collapse and space-time singularities. Phys. Rev. 14, 57
(1965)
2. Geroch, R.: What is a singularity in general relativity? Ann. Phys., NY 48, 526 (1968)
3. Hawking, S.W., Penrose,R.: The singularities of gravitational collapse and cosmology.
Phys. Rev. D A314, 529 (1970)
4. Singh, P.: Are loop quantum cosmos never singular? Classical and Quantum Gravity,
26, 125005 (2009)
5. Cherkas,S.L., Kalashnikov,V.L.: Quantum evolution of the Universe in the constrained
quasi-Heisenberg picture: from quanta to classics? Grav.Cosmol. 12, 126 (2006)
6. Cherkas,S.L., Kalashnikov,V.L.: An inhomogeneous toy-model of the quantum gravity
with explicitly evolvable observables. Gen. Rel. Grav. 44, 3081 (2012)
7. Cherkas,S.L., Kalashnikov,V.L.: Quantization of the inhomogeneous Bianchi I model:
quasi-Heisenberg picture. Nonlin. Phen. Compl. Syst. 18, 1 (2015). arXiv: 1302.2229
8. Cherkas, S. L., Kalashnikov, V. L.: Quantum mechanics allows setting initial conditions
at a cosmological singularity: Gowdy model example.Theor. Phys. 2, 124 (2017). arXiv:
1504.06188
9. Starobinsky, A.A.: A new type of isotropic cosmological model without singularity. Phys.
Lett. 91B, 99 (1980)
10. Guth,A.: The inflationary universe: a possible solution to the horizon and flatness prob-
lem. Phys. Rev. D 23, 347 (1981)
11. Liddle,A.R., Lyth,D.H.: Cosmological inflation and large-scale structure. Univ. Press,
Cambridge (2000)
12. Linde, A.D.: Particle physics and inflationary cosmology. Harwood Academic Publish-
ers,Chur (1990)
13. Mukhanov, V.: Physical foundations of cosmology. Univ. Press,Cambridge (2005)
14. New Scientist, May 22, 2004
15. Birrell, N.D. Davis, P.C.W.: Quantum fields in curved space. Univ. Press, Cambridge
(1982)
16. Parker, L.: Quantized fields and particle creation in expanding universes. Phys. Rev.
183, 1057-1068 (1969)
17. Sexl, R. U., and Urbantke, H. K.: Production of particles by gravitational fields. Phys.
Rev. 179, 1247-1250 (1969)
18. Zel’dovich, Ya., and Starobinsky A.: Particle creation and vacuum polarization in an
anisotropic gravitational field. Zh. Eksp. Teor. Fiz 61, 2161-2175 (1971) [Sov. Phys.-
JETP 34, 1159-1166 (1972)]
19. Grib, A.A., and Mamaev, S.G.: On field theory in the Friedman space. Yad.Fiz. 10,
1276-1281 (1969)
20. Anischenko S. V., Cherkas S. L., Kalashnikov V. L.: Cosmological production of fermions
in a flat Friedman universe with linearly growing scale factor: exactly solvable model.
Nonlin. Phenom. Complex Syst., 13, 315 (2010)
21. Kullback S., Leibler, R. A.: The Annals of Mathematical Statistics, 22, 79 (1951)
